AbstrAct. The retrospective dynamics of major components of the carbon cycle under land use changes in the Central Forest zone of European Russia was investigated. This area is known as one of the most important agricultural and economical regions of the country. We applied the process-based simulation model DNDC (DeNitrification-DeComposition) recommended by UNCCC and world widely used. In this study the DNDC model was parameterized for Russian arable soils using official statistical information and data taken from published sources. Three main carbon variables in agrolandscapes were modelled: soil organic carbon, soil respiration, and net ecosystem exchange over the period of 1990-2017. For the analysis six administrative regions were selected: three with unchanged (permanent) arable land structure (Kaluga, Moscow, and Yaroslavl), and other three with changed crop rotation (Kostroma, Smolensk, and Tver). All regions in the study are characterized by homogeneous soil cover and similar cultivated crops. The results of the modelling were verified using the data from field CO 2 fluxes observations in the European part of Russia. In growing season, the agrolandscapes function as a net carbon sink and accumulate C from the atmosphere into plant biomass. The dynamics of organic carbon in soil under growing crops depends on organic fertilizers in cultivation technologies, and if they aren't inputted, soil loses carbon. During the last 30 years the cumulative rates of net ecosystem exchange and soil respiration had decreased mostly due to reduction of arable land area. CO 2 emission and soil organic carbon losses are the most important controls of land degradation. Based on the dynamic patterns of CO 2 fluxes, the regions of the Central Forest zone could be separated into two groups. The group with central location characterized by intensive soil respiration and high rate of accumulation of organic carbon in soil, whereas peripheral group characterized by losses of soil organic carbon and low rates of soil respiration. According to the modelling, within the period of observations the inter-annual changes of carbon fluxes are mainly controlled by rising air temperature and heat supply, variable precipitation, and increasing concentration of CO 2 in the atmosphere. Among human activity the most important are change of arable land area and decreasing amount of fertilizers.
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GES introDuction
Mathematical methods and simulation modelling are widely used in geography and global ecology. Some of these models are focus on the cycles of nitrogen and carbon as the most important biogeochemical elements. They proved to be effective to solve specific agricultural goals such as to forecast and create the programs for reduction of Greenhouse Gases (GHG) fluxes and emissions from soils to the atmosphere under anthropogenic impact, to develop recommendations for proper use of agricultural technologies for sustainable land use, and to decrease losses of yields or soil organic carbon due to unfavorable environmental conditions. The UN Convention to Combat Desertification considers the dynamics and balance of soil organic content as one of the most important indicators of the recent concept namely Land Degradation Neutrality (LDN), which is in turn a key for achieving LDN target defined in the Sustainable Development Goal 15.3 (UNCCD 2015) . The UN Framework Convention on Climate Change admits that models can be used as an alternative instrument to the IPCC methods for estimation of GHG emission from agriculture if being adapted for different countries and environmental conditions (Estimation of emissions from agriculture 2004; Report of the 38th meeting 2012).
In these documents, among the numerous biogeochemical models for estimation of GHG emission from agriculture, DNDC model (DeNitrification-DeComposition) is declared as the most suitable. It is the only model officially used at national level. Advantages of the model are free access, friendly and simple interface, diurnal format of modelling, taking into account both natural and anthropogenic factors, complex and diverse structure of output fluxes including different components of the carbon and nitrogen cycles.
The model DNDC is successfully applied for different regions and types of land use in 14 countries (Bolan et al. 2004 ). Impressive results in modelling of GHG emissions were obtained in Asia (Frolking et al. 2004; Pathak et al. 2005; Li et al. 2005) , USA (Li 2008) , Canada (Yadav and Wang, 2017; Guest et al. 2017) , and Australia . Moreover, this model had been used in several international projects for estimation of organic matter and the nitrogen cycle in arable soils (Giltrap et al. 2010; Leip et al. 2008; Rosenstock et al. 2016) . In the last years in Russia some authors used the model for analysis of nitrous oxide emission from soil under vegetables (Buchkina et al. 2007; Balashov et al. 2014) and CO 2 emission from forest and wetland ecosystems (Kurbatova et al. 2009 ). But it wasn't applied for estimation of CO 2 fluxes in Russian agrolandscapes yet.
In our previous study (Sukhoveeva 2018) internal parameters of the model were parametrized according to Russian arable soils specificities. The database for modelling included meteorological parameters, soil cover, crops characteristics, and features of anthropogenic activity (tillage, fertilization, crops yields etc.) in agrolandscapes. In this research we focused on DNDC simulation modelling of the retrospective dynamics of components of the
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carbon cycle due to land use changes in European part of Russia.
mAteriAls AnD methoDs
DNDC is a process-based computer simulation model of the carbon and nitrogen cycling in agricultural ecosystems (Li et al. 1992) . Its block structure consists of three subunits: thermo-hydrological, nitrogen (DeNitrification) and carbon (DeComposition). The model requires a large amount of input data and highly depends on their quality. Its parameters are climatic variables (daily maximum and minimum air temperatures and precipitations), soil characteristics (soil texture, pH, bulk density, soil organic carbon, C/N ratio, litter/humads/ humus), and agricultural variables (days of sowing and harvesting, yields, biomass production, biomass fractions, C/N ratio in biomass, data and method of tiling, data and amount of fertilizers, data of manure amendment and content of C and N in it). Besides it uses many assumptions on the controls of GHG emissions per soil type. The Central Forest zone is one the most valuable agricultural and economical areas of European Russia (Fig. 1 Due to the information available, the duration of the analyzed period was 28 years. For better comparison this period was separated into four 7-years intervals, which correspond with the main social and economic changes in the country. In our study, the structure of arable land and crop rotations were assumed to stay unchanged if they meet the following requirements:
• List of growing crops hadn't been changed during the period 1990-2017, • Each crop covered more than 5% of territory.
results
At the preliminary stage of the analysis, six administrative regions in the Central Forest zone of European Russia were chosen: Kaluga, Kostroma, Moscow, Smolensk, Tver, and Yaroslavl regions. They are characterized by homogeneous soil type and the same growing crops. Open access to weather data was also critical in that choice.
The most common soil type in the zone is sod-podzolic -Umbric Albeluvisols Abruptic (WRB 2006), Eutric Podzoluvisols (FAO 1988): sod-podzolic, mainly shallow and non-deep podzolics, and sod-podzolics, mainly rather shallow podzolics. These soil types cover more than 30% of territory in corresponding regions (Table 1) .
It was also found that the most important crops cultivated in all regions in the study are spring grain crops: barley and oat, as well as potato. Besides, in the southern part of the Central Forest zone predominate winter grain crops such as wheat In this study the soil organic carbon dynamics depends on features of growing crops and input of fertilizers. In the northern regions as Kostroma and Tver, such spring grain crops as barley and oat are dominated (Fig. 2) , and the losses of organic carbon from soil are typical due to absence of organic fertilizers in cropping technologies (Fig. 3) . But for the last 10-15 years the intensity of agriculture, crops yields, and amount of fertilizers had greatly increased, resulting in less carbon losses.
Similarly, according to the modelling the observed dynamics of CO 2 fluxes depends on input of fertilizers, yield changes, and rise of CO 2 concentration in the atmosphere.
Kostroma, Smolensk, and Tver regions are characterized by decrease of soil respiration in 1990s and following increase in 2010s (Fig. 4) . Curiously, it was found that in Tver region the rates of soil respiration were less than 1.0 t C ha -1 yr -1 during the 28-years period of modelling. This is mostly due to low intensity of agricultural technologies, i.e. small amounts of inputting fertilizers, little plant biomass, and low temperatures as compared to other regions in the study. And vice versa, in Moscow, Kaluga, and Yaroslavl regions, highly productive crops such as winter wheat and potato are grown (Fig. 2) . They are characterized by use of great amount of fertilizers in cropping technologies, resulting in general accumulation of carbon in soils. But in the last decades in these regions carbon deposition and rate of soil respiration were reducing due to decrease of fertilizers input.
Cumulative soil respiration decreased due to reduction of arable soil area in these regions in general (Fig. 5 ). Its mean rates were equal to 800-1400 kt C ha -1 yr -1 in 1990-1996 and 200-300 kt C ha -1 yr -1 in 2011-2017.
And during the observed period the carbon balance in agroecosystems was changed between the net source of CO 2 to the atmosphere and sequestration (Fig. 6) . Thus, ecosystems of the zone in 1990-2003 acted as the net source of carbon (400-800 kt C ha -1 yr -1 ), whereas in 2004-2017 NEE firstly became close to zero and then the ecosystems were a carbon sink during vegetative period (Fig. 7) .
Finally, based upon the direction and intensity of CO 2 fluxes, geographical location, and the degree of anthropogenic impact, the agrolandscapes of the Central Forest zone of European Russia could be separated into two large administrative groups:
• "Central" -Moscow, Kaluga, Yaroslavl regions -intensive agriculture (including winter wheat and potato cropping), stable structure of arable land and agricultural production, prevailing accumulation of organic carbon in soil (0-2.0 t C ha -1 yr -1 ), high rate of soil respiration (2.0-6.0 t C ha -1 yr -1 ); • "Peripheral" -Kostroma, Smolensk, and Tver regions -small number of crops, extensive agriculture, losses of soil organic carbon (0-0.9 t C ha -1 yr -1 ), low rate of soil respiration (< 2 t C ha -1 yr -1 ).
Discussion
In our previous study it had been proved that the parametrized DNDC model is rather effective to estimate components of the carbon cycle in European part of Russia (Sukhoveeva 2018 piration were equal to r p = 0.662, P = 0.005 for sunflower, r p = 0.533, P = 0.028 for barley, r p = 0.531, P = 0.028 for winter wheat, and r p = 0.300, P = 0.259 for potato, respectively. In Moscow region the correlation between field measured and modelled values of soil respiration was equal to r p = 0.582, P < 0.001 for cereal-fallow crop rotation (r p = 0.546, P < 0.001 for winter wheat and r p = 0.723, P < 0.001 for fallow, respectively) (Sukhoveeva 2018) .
Besides verification of the model was performed by published information on СО 2 emission and carbon balance in arable soils in Moscow, Orel, and Vladimir regions (Table 2 ). In all cases the measured annual values were inside the interval of predicted by the model ones. Also, the ratios between major CO 2 fluxes were checked with winter wheat taken as example. Modelled ratio of respiration to photosynthesis (0.34-0.36) was similar to ratio in laboratory experiment (0.35-0.60) (Gifford, 1995) . The modelled and measured relative inputs of root and microbial respiration were also corresponding to each other (0,33 : 0,67 by the model and 0,34-0,38 : 0,62-0,66 by the field experiment) (Kurganova, 2010) . There aren't field experiments for measuring NEE in Russia that's why this CO 2 flux hadn't been used for verification of the model.
Generally arable soils are losing organic carbon and, in this study, anthropogenic impact was also found to be the most important for soil C exchange. This conclusion has been confirmed widely (Kolchugina et al. 1995; Lal 2004; Semenov et al. 2008; Larionova et al. 2010; Kosolapov et al. 2015) . In all studied regions the dynamics of soil organic carbon storage in agrolandscapes was negative, especially under annual crops. Therefore, both emissions and carbon net accumulation rates in soil were decreased. Similar observations were made by Fedorov (2017) ; in his research broadscale changes in land use (substitution of arable lands by grasslands and pastures) followed by declining fertilizers input, resulted in decrease of both CO 2 soil emission and net carbon accumulation from the atmosphere. Moreover, source pattern of net ecosystem exchange resulted from soil organic carbon losses and further degradation of agroecosystems (Kirschbaum and Mueller 2001) .
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Variability of modelled estimates could be evaluated by standard deviation or coefficient of variation.
The smallest standard deviations were found for Tver region < 100 kg C m -2 yr -1 . This is correct for barley and oat cultivated in this region, and for all carbon fluxes taken into account: soil respiration, soil organic carbon, and net ecosystem exchange. The biggest standard deviations were obtained for potato > 1000 kg C m -2 yr -1 also for three major CO 2 fluxes in the regions characterized by unchanged arable lands structure (Kaluga, Moscow, Yaroslavl).
The smallest coefficients of variation (less than 8%) were found for soil organic carbon and NEE in the agrolandscapes of Yaroslavl and Kostroma regions, where barley and oat are cultivated. Whereas the greatest coefficients of variation (more than 150%) are characteristic for soil organic carbon under grain crops in Moscow and Kaluga regions.
Two the most probable factors influencing instability of the carbon cycle components are climate change, including temperature increase, and further rise of CO 2 concentration in the atmosphere at the rate of 3 ppm per year, according to WMO message (WMO 2017) . Thus, during the last four decades, under the most expressed climate changes due to Global Warming events, the strong increase in heat supply in the Central Forest zone was observed (Sukhoveeva 2016) . During that period both mean annual (+0.3 °C/10 yr) and mean monthly (+0.9 °C/10 yr) air temperatures were rising. This was also true for the trends of positive degree-days (+48 °C/10 yr) and longevity of vegetative periods. Sum of precipitation (monthly trend 5 mm/10 yr, annual trend 30 mm/10 yr) and moisture supply in vegetative period enhanced, too, but they became unstable.
Hopefully the results of this study will provide help to create recommendations (i) to decrease losses of yields due to unfavorable environmental conditions, (ii) to reduce GHG emissions from arable soils to the atmosphere due to land use practices, and (iii) to promote carbon sequestration through sustainable land management practices targeting on the LDN achievement (Sanz et al. 2017) .
conclusions
The DNDC model has been successfully applied for simulation of the carbon cycle components in agrolandscapes of the Central Forest zone in European Russia. The dynamics of soil respiration, net ecosystem exchange, and soil organic carbon content in arable lands were estimated over the 28-yr period (1990-2017) to evaluate how carbon fluxes and stocks depend on geographical location and administrative belonging. Spatial and temporal variations of CO 2 fluxes were plotted and mapped for arable soils in administrative regions characterized by homogeneous soil type and the same growing crops. According to the results of the study, the regions of the Central Forest zone of European Russia were separated into two groups. Central regions are characterized by intensive soil respiration and accumulation of organic carbon in soil, whereas peripheral ones are characterized by losses of soil organic carbon and low rates of soil respiration. At present the agrolandscapes of the Central Forest zone during vegetative season are functioning as carbon sinks and accumulate carbon from the atmosphere into plant biomass. In soil under growing crops organic carbon is absorbing, if organic fertilizers are present in cultivate technologies, but under technologies without organic fertilizers, soil loses carbon. In Moscow, Kaluga, and Yaroslavl regions characterized by unchanged crop rotations, both rate of cumulative soil respiration and net ecosystem exchange are decreasing due to reduction of arable land area during the last 28 years. 
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